Abstract:. Properties of optical materials can be modified with sub-wavelength precision using intense ultrashort light pulses. New science and emerging applications of ultrafast laser writing in transparent materials are reviewed.
Progress in high power ultrashort pulse lasers has opened new frontiers in physics and technology of light-matter interactions [1] . In particular, modification of transparent materials with ultrafast lasers has recently attracted considerable interest because of its new science and relevance to a wide range of applications including laser surgery, integrated optics, microfluidics, optical data storage and three-dimensional micro-and nano-structuring [2] .
A key advantage of using femtosecond pulses, as opposed to longer pulses, for direct writing is that they can rapidly and precisely deposit energy in solids [3] . The processes, initiated by multiphoton ionization, exhibit a highly nonlinear dependence on the intensity of the light beam. The light is absorbed by photoelectrons and the optical excitation ends before the surrounding lattice is perturbed, what results in highly localized modification without collateral material damage.
Three different types of material modifications can be induced with ultrafast laser irradiation in the bulk of a transparent material, e.g. in silica glass with increase of fluence: an isotropic refractive index change; a form birefringence associated with self-assembled nanogratings with features smaller than 20 nm [4] [5] [6] ; and a void. Considerable efforts have been carried out to clarify the mechanisms of material modifications, which are still not fully understood.
More recently, the self-assembled nano-structuring have been proposed for fabrication of radial, azimuthal and vortex polarization converters [7] (Fig. 1 ) and rewritable polarization multiplexed optical memory [8] , where the information encoding is realized by means of two birefringence parameters, i.e. the slow axis orientation (4 th dimension) and retardance (5 th dimension), in addition to three spatial coordinates (Fig. 2) . The phase of the optical beam around a point, where the intensity is zero, e.g. in vortex beam, is undefined. The tight control of nanostructures' properties through writing parameters is demonstrated implementing elements with unique optical properties, in particular Super-Structured-waveplates (S-waveplates) for uniform to radial and azimuthal polarization and vortex conversion, which can be used in material processing, microscopy, fiber optics, optical trapping and manipulation.
A remarkable effect has also been discovered, referred to as quill or calligraphic laser writing, which reveals strong dependence of material modification, in particular the self-assembled sub-wavelength structures in glass, on orientation of the writing direction relative to the direction of pulse front tilt [9, 10] . More recently it has been demonstrated that the tip of an ultrafast laser quill has a property that is very different from an ordinary quill [11] . Specifically, the modification of glass can be controlled even in stationary conditions by the mutual orientation of light polarization azimuth and the pulse front tilt (Fig. 3) . Figuratively, the polarization can be used as a sharpening blade for the ultrafast light quill. The demonstrations of self-assembled nano-structuring and employing mutual orientations of beam movement or the light polarization plane and pulse front tilt to control interaction of matter with ultrashort light pulses, open new opportunities in material processing. Another interesting phenomenon is non-reciprocal ultrafast laser writing in non-centrosymmetric medium, which contradicts to the common believe that in a homogeneous medium, the photosensitivity and corresponding lightinduced material modifications do not change on the reversal of light propagation direction [12] .
